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Abstract: Spinel lherzolite xenoliths from the Cenozoic Calatrava volcanic field provide a
sampling of the lithospheric mantle of central Spain. The xenoliths are estimated to originate
from depths of 35–50 km. Trace element content of clinopyroxene and Cr-number in spinel indi-
cate low degrees of partial melting (5%) of the xenoliths. Although a major element whole-rock
model suggests wider degrees of melting, the Calatrava peridotite chemistry indicates a moderately
fertile mantle beneath central Spain. Calatrava peridotite xenoliths bear evidence for interaction
with two different metasomatic agents. The enrichment in LREE (light rare earth element), Th,
U and Pb, and the negative anomalies in Nb–Ta in clinopyroxene and amphibole from xenoliths
of El Aprisco, indicate that the metasomatic agent was probably a subduction-relatedmelt, whereas
the enrichment in MREE in clinopyroxene from xenoliths of the Cerro Pelado centre suggests an
alkaline melt similar to the host undersaturated magmas. These metasomatic agents are also con-
sistent with the chemistry of interstitial glasses found in xenoliths of the two volcanic centres.
Differences in metasomatism but also in mantle composition is supported by Sr–Nd whole-rock
data, which show a more radiogenic nature for Sr isotopes of samples from the El Aprisco centre
(87Sr/86Sr ratios of 0.7035–0.7044 instead of 0.7032–0.7037 for samples from Cerro Pelado).
The timing of the subduction-related metasomatic stage is unconstrained, although the Calatrava
intraplate volcanism intrudes an old Variscan lithospheric section reworked during the converging
plate system affecting SE Iberia in the Tertiary. The presence of wehrlite types within the Calatrava
peridotite xenoliths is here interpreted as a reaction of host lherzolites with silica-undersaturated
silicate melts that could be related to the Calatrava alkaline magmatism. The Sr–Nd isotopic com-
position of Calatrava peridotites plot within the European asthenospheric reservoir (EAR) mantle,
these values represent more enriched signatures than those found in the other Spanish Cenozoic
alkaline province of Olot.
Studies of ultramafic xenoliths exhumed by Ceno-
zoic volcanic activity have provided substantial
information regarding the nature of the subcontinen-
tal lithospheric mantle (e.g. Nixon 1987; Downes
2001). In the Iberian peninsula three main Cenozoic
volcanic fields have provided significant mantle-
derived xenolith suites since studies from the last
century: SE Spain (Ossan 1889), Olot (San Miguel
de la Ca´mara 1936) and Calatrava (Ancochea &
Nixon 1987) (Fig. 1). Scarce ultramafic xenoliths
have also been described in the Cofrentes volcanic
area (Ancochea & Nixon 1987; Seghedi et al.
2002), and mantle-derived xenoliths have been
found in Upper Permian subvolcanic dykes of the
Spanish Central System, although they represent
mafic–ultramafic cumulates instead of real mantle
peridotitic fragments (Orejana et al. 2006; Villaseca
et al. 2007; Orejana & Villaseca 2008).
In this work we study the chemical composition
of the Calatrava sample suite, including major and
trace elements for the constituent minerals, and
major, trace elements and Nd and Sr isotopes for
whole rocks. As for many spinel lherzolite xenolith
suites, our data indicate the decoupling of chemical
features caused by melt extraction during partial
melting and subsequent metasomatism. This study,
together with that of Bianchini et al. (2010), are
the first attempts to characterize the subcontinental
mantle beneath central Spain.
Geological setting
The Calatrava volcanic field comprises more than
200 volcanic centres in an area of around
5500 km2 (Ancochea 1982). The volcanic field is
exclusively formed by monogenetic edifices,
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suggestive of small and short-lived shallow magma
chambers. Most edifices are strombolian cones but
more than 50 hydromagmatic tuff rings or maars
have been also described. Both types of volcanic
edifices yield peridotite xenoliths. A first minor
ultrapotassic event at around 8.7–6.4 Ma was fol-
lowed by the eruption of alkaline basalts, basanites,
and olivine nephelinites and melilitites from 3.7 to
around circa 0.7 Ma (Ancochea 2004). Xenoliths
studied in this work have been sampled from the
pyroclastic deposits of two undersaturated alkaline
basaltic volcanoes: the Cerro Pelado centre
(3884803200N, 385405600W), an olivine nephelinite
scoria cone, and in El Aprisco (3885000500N;
385000000W), an olivine melilitite maar. Smaller
lherzolite xenoliths appear in other volcanic
Fig. 1. (a) Sketch map of the Iberian Peninsula showing the location of the Cenozoic volcanic fields. (b)
Geochronological table of the different magmatic suites showing those that carry lherzolite xenoliths. (c) Calatrava
volcanic field and location of the volcanic centres mentioned in this study: EA, El Aprisco; EP, El Palo (studied
by Bianchini et al. 2010); CP, Cerro Pelado; CG, Cerro Gordo; MV, Morro´n de Villamayor. Numbers inside squares
refer to geochronological data (Ancochea 2004).
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centres, including that of the early ultrapotassic
event (El Morro´n de Villamayor, Cerro Gordo,
El Palo, etc.) (Fig. 1), but they have not been
sampled for this study.
The similarity in normalized trace element pat-
terns and the Sr–Nd–Pb isotopic homogeneity of
the primary alkaline and ultralkaline basic
magmas suggest that the Calatrava basaltic suites
are derived from different degrees of partial
melting of an enriched, but relatively homogeneous
mantle source (Ancochea 1982; Cebria´ & Lo´pez-
Ruiz 1995). The isotopic composition suggests a
HIMU-like reservoir similar to that defined for the
European asthenospheric mantle (Granet et al.
1995). An enriched asthenospheric reservoir (EAR)
is in agreement with the suggested presence of
garnet and phlogopite within mantle sources based
on trace element geochemistry of Calatrava volca-
nics (e.g. Ancochea 1982; Lo´pez-Ruiz et al. 2002).
The Calatrava volcanic field is a typical intracon-
tinental zone within the Neogene–Present western
and central European province. Similar to the NE
Spanish volcanic region (also called the Olot volca-
nic field), this area is located in the limit of small
late Cenozoic sedimentary basins trangressive over
Variscan terranes. Volcanic vent distribution does
not follow a clear spatial pattern and their geodyna-
mical setting is controversial, with theories invoking
a gigantic megafault system affecting the western
Mediterranean European block (Lo´pez-Ruiz et al.
2002) or volcanic clustering related to astheno-
spheric mantle upwelling (hot-spot or diapir
instabilities) in a pre-rifting stage (Ancochea
1982; Lo´pez-Ruiz et al. 1993).
Analytical methods
The major element mineral composition has been
analysed at the Centro de Microscopı´a Electro´nica
‘Luis Bru’ (Complutense University of Madrid)
using a Jeol JXA-8900 M electron microprobe
with four wavelength-dispersive spectrometers.
Analytical conditions were an accelerating voltage
of 15 kV and an electron beam current of 20 nA,
with a beam diameter of 5 mm. Elements were
counted for 10 s on the peak and 5 s on each back-
ground position. The measurement of Ca in
olivine was repeated in some crystals with high
content of this element (samples 65290 and
72674) using EMP conditions of 20 kV, 50 nA
with counting times of 60 s. To reduce alkali loss
during glass analysis, we lowered the beam
current to 10 nA and the beam was defocused to
10 mm. Corrections were made using an on-line
ZAF method. Detection limits are 0.02 wt% for
Al, Na, K and P, 0.03 wt% for Ti, Fe, Mn, Mg, Ni
and Cr, and 0.04 wt% for Si.
We have determined the in situ concentrations of
30 trace elements (REE, Ba, Rb, Sr, Th, U, Nb, Ta,
Pb, Zr, Hf, Y, Sc, V, Co, Zn and Cr) in clinopyrox-
ene (cpx), orthopyroxene (opx), olivine (ol) and
amphibole (amph) on .130 mm-thick polished
sections using laser ablation (LA-ICP-MS) at the
Natural History Museum of London using an
Agilent 7500CS ICP-MS coupled to a New Wave
UP213 laser source (213 nm frequency-quadrupled
Nd–YAG laser). The counting time for one analysis
was typically 90 s (40 s measuring gas blank to
establish the background and 50 s for the remainder
of the analysis). The diameter of the laser beam was
around 50 mm. The NIST 612 glass standard was
used to calibrate relative element sensitivities for
the analyses of the silicate minerals. Each analysis
was normalized to Ca or Si (Al for spinel) using con-
centrations determined by electron microprobe.
Detection limits for each element were in the
range of 0.01–0.06 ppm, except for Sc and Cr
(0.11 and 0.73 ppm, respectively).
Eleven spinel peridotite xenoliths from two vol-
canic centres (El Aprisco and Cerro Pelado) were
used in this investigation. The whole-rock major
and trace element composition was analysed at
ACTLABS. The samples were melted using
LiBO2 and dissolved with HNO3. The solutions
were analysed by inductively coupled plasma
atomic emission spectrometry (ICP-AES) for
major elements, whereas trace elements were deter-
mined by ICP mass spectrometry (ICP-MS). Uncer-
tainties in major elements are bracketed between 1
and 3%, except for MnO (5–10%) and P2O5
(.10%). The precision of ICP-MS analyses at low
concentration levels was evaluated from repeated
analyses of the international standards BR, DR-N,
UB-N, AN-G and GH. The precision for Rb, Sr,
Zr, Y, V, Hf and most of the REE were in the
range 1–5%, whereas they range from 5 to 10%
for the rest of trace elements, including Tm. Some
samples had concentrations of certain elements
below detection limits (K2O 0.01%; Rb 1; Zr 1;
Nb 0.2; Tb 0.01; Ho 0.01; Tm 0.005; Lu 0.002;
Hf 0.1; Ta 0.01; Th 0.05; U 0.01). More infor-
mation on the procedure, precision and accuracy
of ACTLABS ICP-MS analyses is available at
www.actlabs.com.
Sr–Nd isotopic analyses were carried out at the
CAI de Geocronologı´a y Geoquı´mica Isoto´pica of
the Complutense University of Madrid, using an
automated VG Sector 54 multicollector thermal
ionization mass spectrometer with data acquired
in multidynamic mode. Isotopic ratios of Sr and
Nd were measured on a subset of whole-rock
powders. The analytical procedures used in this
laboratory have been described elsewhere (Reyes
et al. 1997). Repeated analysis of NBS 987
gave 87Sr/86Sr ¼ 0.710249+ 30 (2s, n ¼ 15) and
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for the JM Nd standard the 143Nd/144Nd ¼
0.511809+ 20 (2s, n ¼ 13). The 2s error on the
1(Nd) calculation is+0.4.
Petrography and mineral chemistry
The studied Calatrava mantle xenoliths are rounded
medium-size samples (from 5 to 45 cm in diameter)
that show no evidence of alteration or host basalt
infiltration. Xenoliths equilibrated in the spinel peri-
dotite stability field and display a wide modal vari-
ation from lherzolite to minor wehrlite types. Modal
composition was determined by mass-balance cal-
culations from the main minerals and the major
element compositions of the whole rocks, using
the least-squares inversion method of Albare`de
(1995). Within the 11 analysed rock samples, 10
are lherzolites and only one is a wehrlite (sample
72674) (Fig. 2). Mantle xenoliths from the El
Aprisco centre tend to have orthopyroxene more
abundant than clinopyroxene, whereas those from
Cerro Pelado are more clinopyroxene-rich, even
wehrlitic in composition (Fig. 2). The lherzolitic–
harzburgitic mantle xenoliths from Olot (Bianchini
et al. 2007; Gala´n et al. 2008) have been plotted
for comparison, and are similar in modal compo-
sition to those from SE Spain (Tallante: Beccaluva
et al. 2004) (not shown). Calatrava lherzolites are
richer in clinopyroxene and poorer in olivine than
other Spanish mantle xenolith suites (Fig. 2).
Scarce phlogopite-rich clinopyroxenites (glimmer-
ite varieties) have been found at Cerro Pelado
(Ancochea & Nixon 1987) but they have not been
sampled for this study.
Although in accessory amounts, the studied
peridotite xenoliths usually have interstitial
volatile-rich phases indicative of modal metasoma-
tism: amphibole in samples from the El Aprisco
centre, and phlogopite from those of the Cerro
Pelado maar. Only one xenolith is an anhydrous
lherzolite (sample 72690 from El Aprisco). The
wehrlite 72674 shows trace amounts of phlogopite
included in clinopyroxene. Although peridotite
xenoliths from Cerro Pelado with both hydrous
minerals, amphibole and phlogopite, have been
described previously (Ancochea & Nixon 1987)
we did not find this type.
Most peridotite xenoliths have a coarse-grained
texture of protogranular aspect, defined by a grain
size greater than 2 mm and commonly equigranular
(Fig. 3a). Some porphyroclastic textures or more
inequigranular varieties also appear, in which
olivine or orthopyroxene are commonly the porphy-
roclasts. Grain boundaries are usually curvilinear
defining mosaic or triple-junction textures. No
phase layering, foliation or lamination have been
found.
Olivine crystals may have different sizes even
in a single sample. Some fine-grained interstitial
crystals, spatially related to spinel microaggregates
or spinel coronas as described below, have been
considered to be of second generation. Both ortho-
pyroxene and clinopyroxene show mutual lamellae,
and commonly a second superimposed spinel lamel-
lae. Spinel occurs as discrete, dispersed interstitial
grains that usually show some fine-grained poly-
crystalline coronas of amphibole (only in the El
Aprisco outcrop) (Fig. 3b–d). Some scarce
spinel–pyroxene–amphibole symplectite has been
also observed, but the clearly hydrous character of
the corona rejects the possibility of a reaction
between pre-existing garnet and matrix olivine, as
suggested in other spinel symplectitic lherzolite
xenoliths (Ackerman et al. 2007) (Fig. 3c). Some
spinel grains have sieve textures defined by a
partial corona of a new fine-grained spinel-2 associ-
ated to vesicular glass and second-generation
olivine (Fig. 3f). These textural features have been
interpreted as re-equilibrations or reactions with a
Fig. 2. Modal proportions of the studied Calatrava
mantle xenoliths calculated using the mass-balance
method of Albare`de (1995). The modal compositional
field from mantle xenoliths from NE Spain (Olot) is
taken from Bianchini et al. (2007) and Gala´n et al.
(2008).
Fig. 3. Photomicrographs of representative Calatrava mantle xenoliths. Lherzolite 72691 (El Aprisco): (a) equigranular
texture; (b) interstitial amphibole around major peridotite minerals (spinel, clinopyroxene, orthopyroxene) (BSE
image); and (c) symplectitic intergrowths of spinel-2, amphibole, clinopyroxene-2 (an amph–cpx intergrowth is shown
on the left) within orthopyroxene (BSE image). Lherzolite 72689 (El Aprisco) showing: (d) amphibole aureoles around
spinel; and (e) a complex reaction zone showing the breakdown of spinel to clinopyroxene-2, olivine-2 and vesicular
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Fig. 3. (Continued) glass (BSE image). Lherzolite 65290 (Cerro Pelado): (f) reaction zones around primary spinel
(Sp-1) composed of cellular spinel-2, microgranular olivine-2 and vesicular glass (BSE image).Wehrlite 72674 (Cerro
Pelado): (g) highly vesicular interstitial glass (BSE image); and (h) vesicular glass vein with associated cpx-2 crystals
(BSE image). Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Sp, spinel; Amph, amphibole; v, vesicle.
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percolating intergranular melt (Shaw & Dingwell
2008). In sample 65290 it is possible to see a
complex corona of symplectitic spinel-2 and
interstitial glass rimming primary spinel (Fig. 3f).
Acicular pentlandite, interstitial to olivine, is very
scarce in some lherzolites.
Accessory amounts of hydrous minerals (amphi-
bole or phlogopite) are present in most of the Cala-
trava lherzolite xenoliths (except in anhydrous
lherzolite 72690). They are mostly intergranular
phases forming small anhedral crystals. Amphibole
in most lherzolites forms coronas around spinel
grains or intergrowths with clinopyroxene around
spinel symplectites (Fig. 3b–d), in textures similar
to those described in other peridotite xenolith
suites (e.g. Coltorti et al. 2004, 2007b).
Some xenoliths also show interstitial brown
glass with small vesicle or bubble-like structures
(Fig. 3e–h). Moreover, some interstitial glasses
appear as part of a complex reaction zone that
involves many of the primary lherzolite minerals,
but especially spinel, which is surrounded either
by symplectitic intergrowths of new spinel-2 and
olivine-2 with interstitial glass (Fig. 3f) or by a
microaggregate of newly formed cpx–ol–glass
(Fig. 3e).
The wehrlite 72674 is porphyroclastic in texture
and the two pyroxenes do not show lamellar exsolu-
tion, as is typical in the lherzolite types. Wehrlite
clinopyroxene shows a marked poikilitic texture
with multiple glass, apatite, phlogopite and fluid-
rich inclusions. Olivine grains show locally
deformation twins and most crystals have smooth
curvilinear boundaries. Only trace amounts of
spinel (as microinclusions in olivine and clino-
pyroxene) appear in this sample. The wehrlite also
shows interstitial vesicular glass, which is mainly
concentrated in the fine-grained section of the
inequigranular texture, defining some intercon-
nected veining (Fig. 3g, h).
Major element mineral composition
The Calatrava hydrous mantle xenoliths consist of
variable proportions of magnesian olivine, ortho-
pyroxene and clinopyroxene, aluminous spinel,
and accessory amounts of calcic amphibole or phlo-
gopite, the compositions of which are summarized
in Table 1. All minerals are unzoned and homo-
geneous within a single crystal.
The Mg-number for olivine mostly ranges from
89.2 to 91.5, although neoformed varieties (oliv-2)
and olivine from wehrlite 72674 show lower
Mg-numbers (88.4 and 84.5–86.0, respectively).
Olivine-2 in lherzolites also show slightly higher
CaO and lower NiO content than Mg-rich olivine
(Table 1), features typical of metasomatism (e.g.
Coltorti et al. 1999; Ionov et al. 2005). Olivine in
the wehrlite shows the highest TiO2 content (up to
0.09 wt%), and high CaO and low NiO content
(Table 1).
Orthopyroxene has a similar range of Mg-
numbers than olivine, mostly from 88.7 to 92.3
(Table 1), but it shows a wider range in content of
Cr2O3 (0.13–0.52), Al2O3 (3.00–5.74) and CaO
(0.12–1.09), always in a common range for
abyssal peridotites (Bonatti & Michael 1989). Cor-
relatively to olivine, orthopyroxene of wehrlite
72674 shows lower Mg-numbers (85.0–86.6), and
higher content of TiO2 (0.22–0.41), CaO (0.94–
3.86) and Na2O (0.12–0.25), than orthopyroxene
from associated lherzolites (Fig. 4a). Lherzolite
72691 with the lowest averaged Al content of
orthopyroxene (and the highest Mg-Cr values)
could be the most depleted peridotite of the xenolith
suite (Fig. 4a).
Clinopyroxene also shows a wide range of
Mg-numbers (87.6–92.7) with cpx-2 (neocrystals
related to intergranular reaction zones) having low
values (88.2–90.0) but variable Al–Ti–Cr
content. For example, the cpx-2 analysis 71 in lher-
zolite 72689 (related to a spinel reaction zone with
glass) shows the highest Al–Cr–Ti content of the
whole analysed clinopyroxene population (Fig. 4b).
Clinopyroxene from wehrlite 72674 is also Fe–
Ti-enriched, as are the other minerals of this xeno-
lith (Fig. 4b, c) (Table 1). Lherzolite 72691 shows
the lowest Al clinopyroxene, reinforcing the idea
of being the most depleted peridotite xenolith.
Primary spinel has low Cr-numbers (from 8.3 to
10.8) and a narrow Mg-number range (0.75–0.78)
(Table 1). TiO2 content is generally low, ranging
from 0.01 to 0.16 wt%. Spinel from the most
depleted lherzolites (samples 72691 and 55570)
shows a wider range of composition, with relatively
higher Cr values and lower Al content than spinel
from associated lherzolites (Fig. 5). In lherzolite
55570 cores of large spinel crystals show the
highest Al and Mg content (and the lowest Cr
values) compared with rims or interstitial rods,
which are associated with intergranular amphibole.
In fact, the smallest interstitial spinel crystals in
lherzolite 55570 and the symplectitic spinel from
lherzolite 72691 show the highest Cr-numbers
(13.0–17.7) and the lowest Al2O3 contents (51–
55 wt%) of the Calatrava lherzolites. These contents
are similar to those of the sieved sp-2 of lherzolites
65290 and 65298, which also show high TiO2
content (up to 0.44 wt%), suggestive of a reaction
with a Ti-rich metasomatic agent (Perinelli et al.
2008b) (Fig. 5). Residual spinel micrograins pre-
served as inclusions in major minerals of wehrlite
72674 show the highest Ti and Cr (TiO2 up to
3.0 wt% and Cr-numbers in the range of 52.4–
54.1), and the lowest Al–Mg content, of the
studied peridotite xenoliths (Table 1). Owing to
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Table 1. Major element composition of representative minerals from the Calatrava mantle xenoliths
Representative olivines
El Aprisco Cerro Pelado
Sample 55569 55570 72688 72689 72690 72691 65290 65298 65298 72674
A39 A18 A142 A82 A38 A120 A23 A2 21 (oliv-2) A95
SiO2 41.33 40.56 41.05 39.97 41.20 40.63 40.58 40.67 40.69 40.03
TiO2 bdl bdl bdl bdl 0.01 bdl 0.02 0.01 0.01 0.03
Al2O3 bdl bdl 0.02 bdl bdl bdl 0.03 bdl bdl bdl
FeO 9.63 9.18 9.88 9.53 9.31 8.66 10.40 9.29 11.36 14.85
MnO 0.05 0.18 0.20 0.18 0.06 0.13 0.16 0.07 0.13 0.12
MgO 49.60 49.54 49.61 49.85 49.74 50.68 49.01 50.43 48.71 45.53
CaO 0.03 0.04 0.09 0.04 0.02 0.05 0.06 0.09 0.13 0.09
Na2O bdl 0.02 0.01 bdl 0.02 0.01 bdl 0.01 bdl bdl
K2O 0.01 bdl bdl bdl bdl bdl bdl bdl bdl bdl
NiO 0.41 0.47 0.22 0.42 0.33 0.42 0.21 0.36 0.12 0.20
Cr2O3 bdl 0.08 0.01 0.07 0.02 0.03 0.07 0.03 0.04 bdl
Total 101.06 99.98 101.09 99.99 100.71 100.58 100.49 100.92 101.15 100.91
XMg 90.19 90.59 89.97 90.31 90.50 91.25 89.36 90.62 88.44 84.47
Representative orthopyroxenes
El Aprisco Cerro Pelado
Sample 55569 55570 72688 72689 72690 72691 65290 65298 65298 72674
A36 A32 A59 A76 A41 A65 A27 A23 A3 A110
SiO2 55.08 54.47 55.38 54.97 54.73 54.71 54.19 54.24 53.88 53.64
TiO2 0.15 0.12 0.03 0.06 0.04 0.04 0.18 0.07 0.08 0.37
Al2O3 4.72 5.00 3.49 3.35 5.42 4.08 5.74 5.49 5.39 3.94
FeO 6.26 5.77 6.54 6.41 5.80 5.45 6.30 6.11 6.24 8.46
MnO 0.14 0.14 0.15 0.15 0.12 0.13 0.14 0.15 0.13 0.15
MgO 32.80 32.56 33.39 33.94 32.34 33.66 31.53 32.96 32.81 28.54
CaO 0.99 1.10 0.54 0.43 1.37 0.62 1.04 0.88 0.80 3.86
Na2O 0.11 0.11 0.02 0.03 0.13 0.06 0.15 0.12 0.15 0.25
K2O bdl bdl 0.02 bdl bdl bdl bdl bdl bdl bdl
NiO 0.08 0.14 bdl 0.08 0.08 0.15 0.04 0.18 0.14 bdl
Cr2O3 0.33 0.53 0.18 0.23 0.34 0.38 0.40 0.35 0.33 0.44
Total 100.68 99.93 99.74 99.66 100.38 99.29 99.70 100.55 99.95 99.64
XMg 90.31 90.94 90.11 90.38 88.94 91.66 89.92 90.59 90.35 85.78
(Continued)
P
E
R
ID
O
T
IT
E
X
E
N
O
L
IT
H
S
F
R
O
M
C
E
N
T
R
A
L
S
P
A
IN
1
3
1
Table 1. Continued
Representative clinopyroxenes
El Aprisco Cerro Pelado
Sample 55569 55570 72688 72689 72689 72690 72691 65290 65298 65298 72674 72674
A30 A30 A57 71 (Cpx-2) A75 A42 A66 A31 22 (Cpx-2) A4 101 (Cpx-2) A96
SiO2 52.29 51.75 51.89 49.86 51.05 52.37 52.57 51.19 53.03 51.36 53.97 49.49
TiO2 0.46 0.23 0.42 0.80 0.41 0.33 0.01 0.54 0.51 0.52 0.62 1.39
Al2O3 6.90 5.72 4.87 8.11 6.07 7.61 4.44 7.37 4.43 7.11 3.12 6.70
FeO 2.60 2.87 2.86 3.08 2.73 2.46 2.33 3.46 4.21 3.31 6.11 4.80
MnO 0.05 0.06 0.14 0.02 0.10 bdl 0.05 0.09 0.17 0.06 0.16 bdl
MgO 14.94 15.81 15.66 15.65 15.35 14.44 16.64 15.72 17.72 15.66 17.90 14.39
CaO 19.69 21.15 22.26 18.80 21.58 20.55 21.29 18.90 18.17 19.09 16.57 20.95
Na2O 1.62 1.35 0.87 1.19 0.98 1.64 0.89 1.60 1.21 1.61 1.04 1.04
K2O bdl bdl bdl bdl bdl 0.01 bdl 0.01 bdl bdl 0.03 bdl
NiO 0.04 0.08 0.03 0.01 0.03 0.07 0.05 bdl bdl 0.01 0.01 0.01
Cr2O3 0.79 0.83 0.54 1.50 0.70 0.94 0.61 0.74 0.97 0.66 0.63 0.59
Total 99.36 99.85 99.55 99.03 98.99 100.42 98.88 99.63 100.41 99.39 100.14 99.34
XMg 91.10 90.79 90.72 90.06 90.98 91.56 92.65 88.98 88.20 89.33 83.94 84.20
XCr 0.07 0.09 0.06 0.08 0.07 0.07 0.10 0.09 0.13 0.06 0.12 0.09
Representative spinels
El Aprisco Cerro Pelado
Sample 55569 55570 72688 72689 72690 72691 72691 65290 65290 65298 65298 72674
A40 A16 A144 A90 A55 121 sympl. 56 sympl. A29 A30 (Sp-2) A5 (Sp-2) A1 A13
SiO2 0.07 0.02 0.13 0.07 0.06 0.05 0.04 0.08 0.11 0.11 0.08 0.11
TiO2 0.13 0.10 0.10 0.06 0.10 0.01 bdl 0.19 0.41 0.38 0.14 2.49
Al2O3 56.51 52.23 55.96 57.78 58.40 53.85 51.03 56.97 53.15 51.64 56.83 20.76
Cr2O3 10.17 15.73 9.61 8.84 10.15 13.10 16.32 10.17 13.11 14.46 9.31 35.80
FeO 11.97 12.09 13.23 12.00 10.57 10.90 11.73 12.55 11.99 11.10 11.15 26.37
MnO 0.04 0.10 0.15 0.11 0.041 0.10 0.07 0.02 0.11 0.13 0.10 0.19
NiO 0.34 0.33 0.29 0.48 0.39 0.40 0.25 0.32 0.34 0.28 0.34 0.11
MgO 20.41 19.65 19.81 20.49 21.12 20.82 19.90 20.23 20.62 20.93 21.56 13.23
CaO 0.03 0.03 0.09 0.01 bdl 0.03 0.06 0.01 0.02 0.03 0.02 0.18
Na2O 0.04 0.01 0.04 0.01 0.01 bdl bdl bdl bdl bdl 0.01 bdl
K2O bdl bdl bdl bdl bdl bdl bdl 0.01 bdl bdl 0.02 bdl
Total 100.00 100.28 99.74 100.12 100.84 99.54 99.65 100.78 100.13 99.36 99.93 99.22
XCr 10.78 16.81 10.33 9.30 10.43 14.05 17.66 10.71 14.21 15.83 9.90 53.64
XMg 0.75 0.74 0.73 0.75 0.78 0.77 0.75 0.74 0.76 0.77 0.78 0.48
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Representative amphiboles and phlogopites
Amphibole Phlogopite
Sample 55569 55570 72689 72691 72688 72688 65298 65298 72674
A27 A35 A85 A55 A51 A68 A13 A19 A116
SiO2 43.83 42.65 42.79 43.63 42.19 42.59 37.64 38.13 35.98
TiO2 1.48 0.58 0.73 0.42 1.33 1.33 3.10 3.12 6.76
Al2O3 14.25 15.43 15.05 14.97 15.18 15.09 17.90 18.18 15.70
FeO 3.72 3.82 4.04 3.72 4.40 4.16 4.17 3.88 8.08
MnO 0.04 0.14 0.05 0.09 0.12 0.04 0.05 bdl 0.09
MgO 17.22 17.86 18.09 18.64 17.67 17.54 21.35 20.54 17.66
CaO 11.48 10.74 11.17 10.83 11.76 11.69 0.02 0.05 0.10
Na2O 3.51 3.75 3.59 3.62 3.50 3.41 0.79 0.76 0.81
K2O 0.02 0.20 bdl 0.11 0.06 0.07 9.15 9.37 8.91
NiO 0.25 0.10 0.19 0.08 0.07 0.04 bdl bdl bdl
Cr2O3 0.57 1.39 0.72 1.34 0.73 0.77 0.78 0.81 0.16
Total 95.54 95.17 95.50 96.02 96.20 95.92 94.93 94.83 94.25
XMg 89.18 89.29 88.87 89.93 87.75 88.27 90.14 90.43 79.58
XCr 2.64 5.71 3.10 5.66 3.14 3.30 2.85 2.90 0.69
Interstitial glasses
El Aprisco Cerro Pelado
Sample 72689 72689 65290 65290 72674 72674 72674 72674
A22 A24 A34 A37 A7 A1 A5 A109
SiO2 57.73 56.79 55.66 54.60 53.29 53.68 58.17 59.74
TiO2 0.84 0.80 1.02 1.08 1.92 2.36 1.49 1.78
Al2O3 22.22 21.87 21.51 21.63 18.87 18.99 16.52 16.69
FeO 2.01 2.25 2.35 1.86 5.17 4.63 3.75 3.43
MnO bdl 0.03 0.03 0.03 0.08 0.12 0.02 0.07
MgO 3.09 3.48 3.37 2.74 2.25 1.89 1.87 1.82
CaO 6.70 7.07 4.77 4.81 4.19 3.90 2.37 2.30
Na2O 5.54 5.02 4.36 5.07 6.26 6.06 5.19 3.34
K2O 0.06 0.03 4.33 4.87 5.27 5.18 5.44 5.17
P2O5 0.11 0.08 0.23 0.20 0.35 0.29 0.24 0.20
Cr2O3 0.06 0.12 0.37 0.37 0.07 0.04 0.03 0.03
Total 98.42 97.34 98.00 97.24 97.77 97.18 95.10 94.56
XMg 0.73 0.73 0.72 0.72 0.44 0.42 0.47 0.49
Abbreviation: bdl, below detection limits.
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this extreme composition they have not been plotted
in Figure 5.
The low Cr-number of primary spinels from the
Calatrava lherzolite xenoliths combined with the
averaged Mg-number of the coexisting olivine
make them plot in the OSMA (olivine–spinel
mantle array) closer to fertile mantle compositions
(Arai 1992) than other lherzolite xenolith suites
from Iberia (Fig. 6). The Cr-spinel of wehrlite
72674 plots outside the OSMA, further to the right
of the Olot harzburgite field (Fig. 6).
Amphibole is a typical interstitial mineral locally
surrounding primary spinel in the lherzolite samples
from the El Aprisco maar. Its composition is mainly
pargasite. Mg-numbers range from 86.9 to 91.2,
and are positively correlated with Cr2O3 content
(0.7–1.4 wt%) but inversely with TiO2 (1.48–
0.69 wt%) and CaO (11.9–11.0 wt%) content.
Amphibole in lherzolites 72691 and 55570 shows
the highest Mg- and Cr-numbers (89.3–91.2 and
4.8–5.7, respectively), and the lowest TiO2 and
CaO content (0.3–0.6 and 10.4–10.8 wt%,
Fig. 4. Major element compositions of pyroxenes in
Calatrava peridotite xenoliths. Mg# is the Mg-number.
The grey arrow in (b) shows clinopyroxene
compositional variation with a progressive increase in
peridotite partial melting (Uysal et al. 2007).
Fig. 5. Composition of spinel from the Calatrava
peridotite xenoliths. The trend of partial melting of a
fertile MORB mantle (FMM) is shown for comparison.
The line of reaction with a metasomatic agent (or a
partial melt) is taken from Perinelli et al. (2008b) and
Shaw & Dingwell (2008).
C. VILLASECA ET AL.134
respectively). The low-K content of Calatrava
amphiboles (,0.11 wt%) is remarkable compared
to other mantle xenolith suites (Coltorti et al.
2007a), except those from some Olot lherzolites
(OLT-21 and OLT-23 samples: Bianchini et al.
2007).
Phlogopite is only found in mantle xenoliths
from the Cerro Pelado centre with Mg-number
(90.2–90.4) similar to coexisting clinopyroxene
but with higher Cr-number (2.8–2.9) (Table 1).
Phlogopite included in clinopyroxene from wehrlite
72674 is markedly poorer in Cr and Mg values (0.7
and 79.6, respectively) but richer in TiO2 content
(6.8 wt%), similar in composition to phlogopites
from associated glimmerite xenoliths (anal. 6 in
table 32 of Ancochea & Nixon 1987).
Glass veins and interstitial glasses have been
observed in some Calatrava mantle xenoliths. In
xenoliths from the Cerro Pelado centre the glasses
are alkaline in composition and they plot mostly in
the field of trachy-andesite in the total alkalis–
silica (TAS) diagram (Fig. 7). However, interstitial
glass from lherzolite 72689 from the El Aprisco
volcano is subalkaline in composition owing to
its low K2O content (Table 1), and plots mostly in
the field of basaltic andesite in the TAS diagram.
The Calatrava glasses are compositionally hetero-
geneous, and thus, the high TiO2 and FeO (and
low Al2O3 and MgO) content shown by glasses
from wehrlite 72674 (1.8–2.3 and 3.3–5.8 wt%,
respectively) (Table 1) are quite remarkable (Fig. 7).
Pressure–temperature P–T estimates
The lithospheric thickness in central Spain seems
to be almost constant over a large area at around
110 km, while the depth to the Moho is around
32+ 2 km (Ferna`ndez et al. 1998). The depth of
xenolith extraction is constrained to less than
70 km (c. 20 kbar) by the absence of garnet in the
lherzolite suite. Although for spinel peridotites
there are no precise geobarometers (e.g. Pearson
et al. 2005; Ackerman et al. 2007), we have used
Fig. 6. Cr-number (100Cr/(CrþAl) in spinel
v. Mg-number in coexisting olivine for Iberian mantle
xenoliths.Mineral data from the Olot volcanic field (Lhz,
lherzolites; Hz, harzburgites) are taken from Bianchini
et al. (2007) and Gala´n et al. (2008). Data from the SE
Spain volcanic field (mainly from the Tallante volcanic
centre) are from Beccaluva et al. (2004) and Shimizu
et al. (2004). OSMA–olivine–spinel mantle array (Arai
1994). FMM: fertile MORB mantle and partial melting
trends are fromArai (1992). Fields of forearc and abyssal
peridotites are from Pearce et al. (2000).
Fig. 7. Chemistry of glasses from Calatrava peridotite
xenoliths. (a) The total alkali–silica (TAS) diagram of
Le Bas et al. (1986) for glasses in Calatrava mantle
xenoliths. The grey field for Calatrava volcanic rocks
is taken from Ancochea (2004). (b) TiO2–silica
(in wt%) diagram.
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the estimations of Nimis & Ulmer (1998) for clino-
pyroxene in order to approximate the depth of
extraction of the lherzolite xenoliths (Table 2).
Pressure estimates range from 14–15 kbar, for
weakly metasomatized lherzolites (e.g. anydrous
lherzolite 72690, Table 2), to 7–8 kbar for the
most depleted lherzolites (72691) or wehrlite var-
ieties (72674). These low-pressure values are unrea-
listic for mantle depths but suggest that xenoliths
could have been trapped from a shallow lithospheric
mantle close toMoho depths. The second generation
of clinopyroxene, related either to glass veining
in lherzolite 72689 (cpx 71, Table 2) or to micro-
aggregates around spinel in lherzolite 65298
(cpx 22, Table 2), yields P estimates mostly over-
lapping those from primary clinopyroxene (13.9–
7.0 kbar). These unrealistic low-pressure estimates
are also in disagreement with the absence of replace-
ment of spinel by plagioclase in the studied samples.
Temperatures were calculated using three cali-
brations of the two-pyroxene geothermometer
(Wood & Banno 1973; Bertrand & Mercier 1985;
Brey & Ko¨hler 1990). In general there is a good
agreement between the different methods used,
although Bertrand & Mercier’s (1985) temperatures
are slightly higher than the two other estimates
(Table 2). Most lherzolites yield T estimates in the
range of 1000–1165 8C, whereas neoformed clino-
pyroxene give a still higher temperature range of
1180–1255 8C. We have to bear in mind that most
of the neoformed clinopyroxene is related to inter-
stitial glass (e.g. cpx 71 in lherzolite 72689 and
cpx 101 in wehrlite 72674, Table 2). Thus, geother-
mometry suggests some kind of reheating at depth
to explain the thermal increase (c. 100 8C). The
xenolith reaction with high-temperature magmas
(e.g. silica-undersaturated alkaline magmas have
liquidus temperatures of around 1250–1300 8C:
Perinelli et al. 2008a) may explain the higher temp-
erature of the second-generation clinopyroxene in
the Calatrava peridotites.
Trace element mineral composition
Trace element analyses of representative main
minerals from two lherzolites are reported in
Table 3. REE primitive mantle-normalized patterns
for clinopyroxene of amphibole-lherzolite (72688
from the El Aprisco centre) are LREE-enriched
(LaN/SmN ¼ 10.4–13.7) and almost flat in HREE
(Fig. 8). The coexisting orthopyroxene displays a
similar trend in some LREE patterns (although
showing an inflection to Nd instead of Sm as in
cpx patterns) but are positively fractionated in
HREE (Fig. 8). Olivine shows a similar REE
pattern to orthopyroxene, although more spiky and
less HREE enriched (not shown, Table 3). Similarly,
multitrace element patterns normalized to primitive
mantle for clinopyroxene show a marked Th–U
enrichment, and Nb–Ta and, to a lesser extent,
Zr–Ti negative anomalies (Fig. 8). Coexisting
orthopyroxene and, less markedly, olivine show
similar trace element patterns.
Amphibole REE patterns perfectly mimic those
of the coexisting clinopyroxene (Fig. 8). Incom-
patible element patterns are also similar to those
of clinopyroxene but with higher LILE (large ion
lithophile elements) and Ti content. The high
Th–U content of amphibole and associated clino-
pyroxene suggests an enrichment process related
to melt instead of a volatile-rich fluid as the metaso-
matizing agent (see also Coltorti et al. 2007b). This
marked Th–U positive anomaly highlights the pro-
minent Nb–Ta negative anomaly of the El Aprisco
Table 2. P–T estimates on the Calatrava mantle xenoliths
T (8C) P (kbar)
TWB TBM TBK PNU
El Aprisco xenoliths
55569 cpx30opx36 1093 1185 1052 14.6
55570 cpx30opx32 1116 1220 1073 9.7
72688 cpx57opx59 1003 1036 866 6.4
72689 cpx75opx76 1054 1109 938 8.9
(cpx-2)71opx76 1182 1345 1163 13.9
72690 cpx42opx41 1079 1062 980 15.0
72691 cpx66opx65 1115 1274 994 7.6
Cerro Pelado xenoliths
65290 cpx31opx27 1149 1382 1112 13.4
65298 cpx4opx3 1165 1321 1123 13.8
(cpx-2)22opx23 1255 1420 1209 7.0
72674 cpx96opx108 1056 1050 986 7.6
(cpx-2)101opx110 1243 1500 1207 7.0
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amphibole that is higher than those described in
peridotite xenoliths, with amphiboles generated in
the mantle wedge above subduction zones (supra-
subduction amphiboles of Coltorti et al. 2007a).
Clinopyroxene in lherzolite 65290 from the
Cerro Pelado maar displays completely different
REE and trace element patterns to the previous lher-
zolite. It shows a peculiar upwards-convex shape
of LREE patterns (with the peak located at Nd)
combined with low HREE content (LuN down to
9Ch). Incompatible element-normalized patterns
show a positive fractionation up to the REE where
the pattern becomes almost flat, except for a small
Ti negative anomaly (Fig. 8). Orthopyroxene (and
olivine) does not mimic the REE patterns of coexi-
sting clinopyroxene, instead showing a marked
positive fractionation in the REE profiles. Incompa-
tible element patterns are more spiky than those of
the coexisting clinopyroxene but fluctuating close
to 0.1–1Ch values (Fig. 8). A positive Zr–Hf
anomaly in the Cerro Pelado orthopyroxene con-
trasts with the small negative one in El Aprisco.
Similar LREE–Th–U-enriched clinopyroxenes
to those of lherzolite 72688 have been described
in the Olot lherzolite xenolith suite (Bianchini
et al. 2007; Gala´n et al. 2008), but the upwards-
convex LREE shape has been only described in
Olot harzburgites, although displaying a more
severe HREE–Zr–Ti depletion (Bianchini et al.
2007). Fe-rich lherzolites from the northermost El
Palo volcano (Bianchini et al. 2010) show clinopyr-
oxene REE patterns similar to those from the Cerro
Pelado lherzolite 65290, although with lower total
REE content and less prominent convex shape
at the MREE. Moreover, clinopyroxene from
the Cerro Pelado lherzolite also shows a slightly
Table 3. Trace element composition of minerals from the Calatrava Iherzolite xenoliths
72688 (El Aprisco) 65290 (Cerro Pelado)
ol cpx cpx-2 opx amph sp ol cpx opx
(n ¼ 4) (n ¼ 12) (n ¼ 3) (n ¼ 4) (n ¼ 21) (n ¼ 2) (n ¼ 9) (n ¼ 24) (n ¼ 12)
Sc 6.783 77.70 76.43 23.88 66.59 0.279 6.542 62.83 27.89
V 16.62 202 199 86.83 331 351 5.470 187 98.93
Cr 457 3803 4117 1840 4568 47750 128 4235 2868
Co 116 18.70 19.00 54.35 32.87 187 139 19.44 57.45
Zn 37.88 14.60 15.26 28.38 11.46 885 78.99 11.70 46.71
Rb 0.059 0.048 0.051 0.053 3.377 0.084 0.064 0.048 0.052
Sr 0.180 172 168 0.935 529 0.054 0.060 146 0.803
Y 0.214 18.63 18.467 1.137 33.629 0.023 0.113 24.26 2.320
Zr 0.138 11.36 11.30 0.632 12.13 0.074 0.227 119 12.94
Nb 0.017 0.014 0.015 0.014 0.154 0.094 0.025 1.118 0.082
Ba 0.281 2.862 0.189 0.142 845 0.084 0.142 0.089 0.086
Hf 0.068 0.758 0.717 0.052 0.798 0.076 0.039 3.585 0.332
Ta 0.012 0.011 0.009 0.014 0.010 0.025 0.012 0.472 0.023
Pb 0.050 1.311 1.357 0.057 5.543 0.056 0.045 0.051 0.037
Th 0.080 4.115 4.020 0.253 5.356 0.028 0.014 0.108 0.012
U 0.018 1.203 1.183 0.052 1.467 0.016 0.009 0.015 0.007
La 0.047 27.60 27.10 0.195 40.63 0.021 0.013 5.399 0.024
Ce 0.044 31.31 30.57 0.218 44.92 0.017 0.013 17.18 0.136
Pr 0.011 2.278 2.110 0.018 3.276 0.008 0.006 3.448 0.034
Nd 0.084 6.235 5.527 0.107 9.175 0.104 0.090 19.53 0.244
Sm 0.062 1.458 1.313 0.071 2.220 0.060 0.058 5.391 0.139
Eu 0.019 0.556 0.558 0.024 0.909 0.018 0.015 1.637 0.046
Gd 0.068 2.378 2.460 0.104 4.124 0.107 0.062 5.575 0.201
Tb 0.009 0.433 0.447 0.014 0.746 0.013 0.007 0.814 0.040
Dy 0.052 3.391 3.220 0.132 5.710 0.059 0.049 5.101 0.343
Ho 0.018 0.729 0.730 0.038 1.277 0.015 0.011 0.967 0.090
Er 0.050 2.250 2.093 0.159 3.794 0.051 0.048 2.542 0.320
Tm 0.013 0.319 0.308 0.028 0.552 0.011 0.010 0.355 0.054
Yb 0.120 2.198 2.080 0.302 3.666 0.075 0.067 2.148 0.446
Lu 0.018 0.308 0.294 0.065 0.545 0.013 0.012 0.312 0.075
Sum LREE 0.25 68.88 66.62 0.61 100.22 0.21 0.18 50.95 0.58
Sum HREE 0.35 12.01 11.63 0.84 20.42 0.35 0.27 17.81 1.57
Sum REE 0.62 81.44 78.80 1.47 121.55 0.58 0.46 70.40 2.19
Analysed phases are primary crystals except those marked as type-2 (cpx-2 of 72688 sample).
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higher Zr–Hf–Ta–(Nb)–Y content than those from
El Palo. The trace element content of clino-
pyroxenes from the SE Spain peridotite xenoliths
(Beccaluva et al. 2004) are completely different to
those of Iberian alkaline volcanic fields.
Whole-rock composition
Major and trace elements
Whole-rock major and trace element composition of
Calatrava mantle xenoliths are reported in Table 4.
They are close to primordial mantle composition
or moderately depleted, but their lower Ni, Cr and
MgO content when compared to other Spanish
mantle xenolith suites (Fig. 9) suggests a more
fertile lithospheric mantle composition beneath
central Spain. In most samples the Al2O3, CaO,
FeO and TiO2 content exibits negative correlations
with MgO (Fig. 9), which is a common feature
in mantle xenolith suites (e.g. Downes 2001; Acker-
man et al. 2007; Bianchini et al. 2007). This is
attributed to depletion during partial melting of
the lithospheric mantle (Niu 1997). The most
clinopyroxene-rich samples of Calatrava xenoliths
(including wehrlite 72674) define a change in the
Fig. 8. Primordial mantle-normalized REE and trace element patterns for minerals in the Calatrava peridotite xenoliths.
Normalizing values from McDonough & Sun (1995).
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slope of this compositional trend or an opposite
evolution (e.g. positive Al2O3 and SiO2 correlations
with MgO) (Fig. 9). The wehrlite sample (72674)
shows the most extreme composition of this trend
(the highest FeO and TiO2, and the lowest SiO2,
Al2O3 and Cr–Ni, content).
Most of the studied Calatrava lherzolites have
high Mg-numbers (0.91–0.92), which are close
to primordial mantle estimates (Table 4). How-
ever, lower Mg-numbers were determined for
wehrlite (0.87, Table 4) and the Ti–Fe-rich
lherzolite 65294 (0.89, Table 4). Lower Mg values
have been found in other Calatrava lherzolites (see
Bianchini et al. 2010), which also show a higher
Fe-rich character than our studied xenoliths (Fig. 9).
Whole-rock REE patterns are varied in Calatrava
xenoliths (Fig. 10). Lherzolites from the El Aprisco
centre show a wide compositional trend varying
from LREE-enriched steep patterns (72691
sample), through the downwards-convex shape of
LREE patterns (72688 sample), identical to those
of its corresponding clinopyroxene (see also
Fig. 8), towards the slightly negative REE patterns
(although slightly upwards-convex in the LREE)
(sample 55569) (Fig. 10a). The two samples with
lower LREE content are either anhydrous (72690)
or contain very minor modal amounts of amphi-
bole (55569). They have similar trace element
patterns to the least refractory Olot lherzolites
(Beccaluva et al. 2004).
Xenoliths from the Cerro Pelado centre show a
more homogeneous shape of REE patterns from a
LREE-enriched (e.g. wehrlite 72674) to a slightly
upwards-convex LREE pattern, similar to its corre-
sponding clinopyroxene (sample 65290) (Fig. 10b).
As for the major elements, lherzolites from the El
Palo centre (Bianchini et al. 2010) show REE
patterns more similar to those of the Cerro Pelado
lherzolites. Most of the LREE-enriched patterns
are attributed to cryptic metasomatism, their varia-
bility related both to the nature of the metasomatic
agent and the efficiency of the metasomatic
process (e.g. Bianchini et al. 2007).
In addition to LREE, studied Calatrava xenoliths
are also enriched in LILE, Th and U (Fig. 10),
although there is some scattering in the data owing
to their low trace element concentrations, some-
times below analytical detection limits (Table 4).
By contrast, the less LREE-enriched samples show
the lowest LILE, P, Th and U content. Most lherzo-
lite xenoliths from the El Aprisco centre display
Nb–Ta (Zr–Hf and Ti) negative anomalies in
trace element patterns (Fig. 10c).
Sr–Nd isotopes
Isotopic data for the Calatrava lherzolites define two
overlapping compositional fields, depending on the
sampled volcanic centre. El Aprisco lherzolites
have slightly more radiogenic Sr (87Sr/86Sr ratios
0.7035–0.7044) than the Cerro Pelado samples
(87Sr/86Sr ratios 0.7032–0.7037) (Table 5)
(Fig. 11). Lherzolite xenoliths from this latter volca-
nic centre show a composition more similar to the
host magmas than xenoliths from El Aprisco
(Fig. 11). The isotopic field of the Cerro Pelado lher-
zolites includes the compositional field defined
by peridotite xenoliths from the El Palo volcano
(Bianchini et al. 2010). The whole lherzolite isoto-
pic field defines a wider compositional field than
that of their host magmas. This suggests a slightly
more enriched character of the Calatrava xenoliths
when compared to lithospheric–asthenospheric
mantle sources of the host alkaline ultrabasic volca-
nic magmas. This enriched isotopic signature is
remarkable when compared to mantle xenoliths
from the other Iberian Cenozoic intraplate alkaline
volcanic field (Olot province), which plot towards
the depleted mantle composition (Fig. 11) (Bian-
chini et al. 2007). Sr–Nd data from lherzolite xeno-
liths from the Tallante centre (SE Spain) are highly
heterogeneous, plotting along the whole mantle
array (not shown) (Beccaluva et al. 2004).
Calatrava mantle xenoliths have geochemical
affinities to the HIMU-source of ocean island
basalts (OIB) and to the EAR, recently called the
common mantle reservoir (CMR) of the Circum-
Mediterranean anorogenic Cenozoic igneous
(CiMACI) province (Lustrino & Wilson 2007).
The Sr–Nd isotopic composition of the Calatrava
xenoliths shows many similarities with mantle
xenoliths from northern domains of the French
Massif Central (Downes et al. 2003) or those from
the Rho¨n region of Germany (Witt-Eickschen &
Kramm 1997).
Discussion
Melting and depletion of the mantle sources
of the xenoliths
Clinopyroxene is the main host for HREE in the
Calatrava spinel peridotites and, consequently, the
degree of partial melting can be estimated by its
trace element content (Norman 1998). Although
the dataset is limited to two samples, Ti and Na
show positive correlation with HREE in clinopyrox-
ene and, thus, the use of Norman’s modelling is
appropriate. Modelling indicates low degrees of
melting for both lherzolite xenoliths, irrespective
of the type of melting (batch or fractional), yielding
less than 5% of partial melting (Fig. 12). As
proposed by several authors (Frey et al. 1985;
Takazawa et al. 2000) for other suites, the major
element abundances of the studied Calatrava perido-
tites could also be used to roughly estimate degrees
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Table 4. Major (wt%) and trace element (ppm) whole-rock analyses of the Calatrava mantle xenoliths
El Aprisco Cerro Pelado
Sample 55569 55570 72688 72689 72690 72691 58498 65290 65294 65298 72674
SiO2 43.62 44.72 43.76 44.36 44.04 44.2 44.52 44.51 43.94 44.67 42.35
TiO2 0.10 0.04 0.12 0.11 0.10 0.06 0.06 0.20 0.43 0.13 0.36
Al2O3 2.92 1.86 3.47 4.01 3.73 2.81 2.93 3.76 3.03 3.32 1.84
Fe2O3 8.8 8.52 9.11 9.05 9 8.63 8.27 8.75 10.51 8.6 12.99
MnO 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.15 0.13 0.16
MgO 41.35 43.46 40.16 40.01 40.05 42.16 41.93 37.89 37.02 41.01 36.92
CaO 2.51 1.29 3.75 2.96 2.49 2.03 2.34 3.28 3.85 3.12 5.25
Na2O 0.23 0.35 0.28 0.29 0.32 0.49 0.36 0.36 0.32 0.3 0.32
K2O bdl 0.13 0.04 0.05 bdl 0.05 0.04 0.07 0.21 0.03 0.1
P2O5 0.02 0.07 0.02 0.01 0.01 0.02 0.02 0.03 0.05 0.03 0.07
Total 99.69 100.57 100.85 100.98 99.88 100.58 100.59 98.98 99.51 101.33 100.36
Mg# 0.92 0.92 0.91 0.91 0.91 0.92 0.92 0.91 0.89 0.92 0.87
Ba 16 41 41 23 10 74 38 21 35 10 25
Rb bdl bdl bdl bdl bdl bdl bdl bdl 3 bdl bdl
Sr 5 58 45 14 3 60 49 28 41 26 43
Th bdl 0.52 0.8 0.6 0.16 1.29 0.45 bdl 0.33 0.15 0.27
U bdl 0.16 0.29 0.18 0.11 0.22 0.12 bdl bdl bdl bdl
Zr bdl bdl bdl bdl 6 bdl bdl 19 15 bdl 14
Nb bdl 5.2 bdl bdl bdl 6.8 bdl 1.4 2.8 1 3.4
Y 2.6 1.5 3.7 2.8 2.7 4.1 2.6 4.1 4 3.4 3.2
Sc 14 10 16 14 12 13 14 16 13 15 15
V 59 22 74 54 50 36 50 68 79 62 73
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Co 98 107 101 89 100 107 100 92 110 97 119
Cr 1940 2180 2510 1870 2310 2680 2730 2610 2440 2230 1340
Ni 1730 1990 1730 1570 1710 1900 1790 1520 1790 1680 1000
Ta bdl 0.13 bdl bdl bdl bdl bdl 0.13 0.22 bdl 0.17
Hf bdl bdl bdl bdl 0.2 bdl bdl bdl 0.5 bdl 0.5
La 0.21 4.66 5.37 2.03 0.34 5.74 3.31 1.55 3.85 2.07 3.47
Ce 0.4 8.29 7.13 2.59 0.65 11.8 9.09 4.31 7.09 4.03 6.54
Pr 0.06 0.81 0.44 0.17 0.09 1.37 1.16 0.62 0.95 0.45 0.88
Nd 0.4 2.48 1.33 0.78 0.51 5.13 3.7 2.9 4.07 1.74 3.85
Sm 0.17 0.46 0.29 0.22 0.18 1.15 0.74 0.83 1.01 0.42 1.01
Eu 0.07 0.14 0.12 0.10 0.09 0.34 0.23 0.29 0.34 0.15 0.34
Gd 0.3 0.37 0.41 0.3 0.27 0.9 0.52 0.8 0.96 0.44 0.88
Tb bdl bdl bdl bdl bdl 0.14 bdl 0.13 0.15 bdl 0.13
Dy 0.39 0.25 0.58 0.44 0.42 0.74 0.42 0.76 0.82 0.52 0.68
Ho bdl bdl 0.13 bdl bdl 0.14 bdl 0.14 0.15 0.11 0.11
Er 0.27 0.14 0.41 0.3 0.3 0.39 0.25 0.4 0.39 0.36 0.29
Tm bdl bdl 0.06 bdl bdl 0.06 bdl 0.06 0.05 0.06 bdl
Yb 0.27 0.13 0.39 0.31 0.33 0.37 0.24 0.39 0.31 0.37 0.2
Lu 0.05 bdl 0.06 0.05 0.05 0.05 0.04 0.06 0.05 0.06 bdl
Ol 67.9 64.5 62.5 55.6 59.8 61.7 62.6 54.4 57.5 60.7 69.3
Cpx 13.8 6.0 16.7 13.2 12.6 9.5 11.4 17.7 22.7 14.9 28.4
Opx 15.8 28.5 17.4 27.5 24.8 26.3 24.7 25.6 17.9 22.9 1.5
Sp 2.5 1.0 3.4 3.7 2.9 2.6 1.3 2.3 2.0 1.5 0.1
F* 13.1 20.9 8 7.9 8.3 17.3 16.8 1.5 – 13.3 –
*Partial melting degrees estimated using Takazawa et al. (2000) method.
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of melting of a compositionally homogeneous
source in a melting residue model. Using batch
melting modelling with a K d FeO/MgO
olivine of 0.3 and
assuming the primitive mantle values of
McDonough & Sun (1995) as source composition,
we find that the series of peridotites reflect residues
from approximately 2 to 21% melting (lherzolites
65290 and 55570, respectively; Table 4). Inferred
degrees of melting for lherzolites 72688 and
65290 estimated using both methods, whole-rock
major element composition and clinopyroxene trace
element content, yield similar results (although
Fig. 9. Variations in whole-rock major oxides with MgO (wt%). Data of lherzolite xenoliths from NE Spain (Olot)
(grey field) (Bianchini et al. 2007; Gala´n et al. 2008: excepting sample BB.12.030) are shown for comparison. The data
for Tallante xenoliths overlap the Olot field (see also Bianchini et al. 2007). Data from peridotite xenoliths from the
other Calatrava centre (El Palo: Bianchini et al. 2010) is only included in the MgO v. FeOt plot, as they mostly overlap
with our data in other diagrams. The composition of primitive mantle (McDonough & Sun 1995) is represented by a
filled circle.
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Fig. 10. Chondrite-normalized REE patterns and primordial mantle-normalized trace element patterns for whole
rocks of the Calatrava peridotite xenoliths. (a), (c) REE and trace element patterns of lherzolite xenoliths from the
El Aprisco centre. (b), (d) REE and trace element patterns of mantle xenoliths from the Cerro Pelado centre.
Normalizing values from McDonough & Sun (1995).
Table 5. Whole-rock (Sr–Nd) isotopic composition of the Calatrava mantle xenoliths
87Sr/86Sr 1Sr 143Nd/144Nd 1Nd
El Aprisco
55569 0.704350+ 06 22.1 0.512976+ 63 6.6
55570 0.703515+ 06 214.0 0.512847+ 16 4.1
72688 0.703686+ 05 211.6 0.513073+ 22 8.5
72689 0.703768+ 06 210.4 0.513051+ 43 8.1
72690 0.704251+ 05 23.5
72691 0.703675+ 05 211.7 0.512804+ 03 3.2
Cerro Pelado
58498 0.703675+ 06 211.7 0.512777+ 03 2.7
65290 0.703200+ 06 218.5 0.512957+ 17 6.2
65294 0.703198+ 06 218.5 0.512950+ 06 6.1
65298 0.703331+ 05 216.6 0.512922+ 05 5.5
72674 0.703219+ 05 218.2 0.512917+ 05 5.4
Uncertainties for the 87Sr/86Sr and 143Nd/144Nd ratios are 2s (mean) errors in the last two digits.
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the whole-rock method gives higher F values). The
samples wehrlite 72674 and lherzolite 65294 have
not been used in this model as they have a more
fertile composition than primitive mantle estimates.
Nevertheless, there is no evidence for such a high
partial melting degree in the Calatrava xenoliths.
The absence of harzburgites in the studied xenoliths
contrasts with the common presence of this rock
type in other mantle xenolith suites that have
suffered degrees of melting higher than 10%
(e.g. Olot mantle xenoliths: Gala´n et al. 2008).
These F values are also higher than those estimated
by the major element chemistry of minerals
(specially the low Cr-numbers of primary spinel;
see Fig. 6), suggesting that with the current dataset
most of the Calatrava peridotite xenoliths are
slightly–moderately depleted and their chemistry
is close to fertile mantle composition.
The moderate degree of melting of the Calatrava
peridotites contrast with data from the others
Iberian mantle xenolith suites. The Olot lherzolites
yield modelled melting fractions up to 17% (Bian-
chini et al. 2007), being markedly higher when
involving harzburgite types (up to 30–40% of
melting: Bianchini et al. 2007; Gala´n et al. 2008).
In SE Spain, the presence of harzburgite and
opx-rich lherzolite xenoliths also suggests a large
degree of partial melting of lithospheric mantle
(Beccaluva et al. 2004; Shimizu et al. 2004),
although detailed partial melting models have not
been applied. The high Cr-numbers of spinel from
peridotite xenoliths from SE Spain volcanics is
also in accordance with a wider and higher degree
of partial melting, and a more residual nature of
those mantle xenoliths (Fig. 6). The lower Cr, Ni
and MgO content of the Calatrava xenoliths
(Table 4 and Fig. 9) is in agreement with a more
fertile character of the lithospheric mantle beneath
central Spain.
A discussion on the possibility that the xenoliths
may have a similar composition to the sources for
the alkaline Calatrava volcanic field is beyond the
scope of this paper. We note, however, that the rela-
tively fertile character of most xenoliths and the
Sr–Nd isotopic signatures of them suggest a geneti-
cal relationship with the associated volcanism.
Cebria´ & Lo´pez-Ruiz (1995) suggested that the
Calatrava volcanic rocks constitute a suite generated
by variable degrees of partial melting (F ¼ 5–17%)
of a phlogopite (amphibole)-bearing enriched man-
tle source with 1.2–10 times the primitive mantle
values for incompatible elements. Most of the
studied peridotite xenoliths show this compositional
range, especially the phlogopite-bearing xenoliths
from the Cerro Pelado centre (Fig. 10). Neverthe-
less, the HREE depleted character of most of the
Calatrava volcanic rocks is indicative of garnet-
bearing sources (Cebria´ & Lo´pez-Ruiz 1995;
Lo´pez-Ruiz et al. 2002) and, therefore, they may
have a deeper mantle derivation.
Origin of the glasses
The presence of glass veins in mantle xenoliths may
be the result of several different formation mechan-
isms: (1) decompression melting during transport;
(2) host magma infiltration; (3) reaction between a
percolating melt and host peridotite at mantle
depths; and (4) involvement of previously formed
metasomatic phases (e.g. amphibole, phlogopite)
during partial melting in the mantle (Yaxley et al.
Fig. 11. 143Nd/144Nd v. 87Sr/86Sr diagram for the
Calatrava mantle xenoliths compared to the composition
of the host volcanic magmas (Lo´pez-Ruiz et al. 2002).
The compositional field of NE Spain (Olot) lherzolite
xenoliths (Bianchini et al. 2007) is also reported. Mantle
end members (DM, MORB, HIMU, BSE and EMI) are
from Zindler & Hart (1986). EAR after Downes et al.
(2003).
Fig. 12. Partial melting results for Y and Yb in
clinopyroxene, following the model of Norman (1998).
Both fractional and batch melting suggest low degrees of
melting (,5%) for the analysed lherzolites. See the text
for further explanation.
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1997; Yaxley & Kamenetsky 1999; Coltorti et al.
2000). The contrasting geochemical composition
of analysed interstitial glasses in the Calatrava
xenoliths with ultrabasic host nephelinite–melilitite
magmas (Fig. 7) suggests that host magma infiltra-
tion could not explain the origin of these low
melt fractions.
Most of the glasses in the Calatrava xenoliths
contain microcrysts of clinopyroxene, olivine and
spinel (Fig. 3e–h). The AlVI/AlIV ratios close to 1
in this newly formed clinopyroxene (cpx-2,
Table 1) indicate high-pressure crystallization
(Aoki & Kushiro 1968). As discussed above, the
chemistry of cpx-2 related to glasses leads to
similar geobarometric estimates as for primary clin-
opyroxene (Table 2). Thus, the formation of glasses
might have occurred at mantle depths, and these
metasomatically enriched mantle fragments were
later accidentally entrained as xenoliths in the
Calatrava alkaline magmas. The vesicular aspect
of the intergranular glasses and veins (Fig. 3e–h),
typical of volcanic–subvolcanic emplacement
levels, suggests that volatile exsolution after
xenolith entrainment has occurred.
The variability observed in glass composition
between different Calatrava peridotite xenoliths
implies variations in the metasomatic agent and in
the peridotite minerals involved in partial melting
processes. Glasses from the Cerro Pelado xenoliths
show a great similarity in chemical composition
with experimental studies on the low of degree
melting of peridotites, which usually yield trachyan-
desitic glass compositions (Draper & Green 1997;
Perinelli et al. 2008a). The glass composition is
used as a good geochemical indicator of the metaso-
matic agent (Coltorti et al. 2000). The major
element composition of glasses from the Cerro
Pelado xenoliths are indicative of a Na-alkali sili-
cate metasomatism owing to its high TiO2þK2O
content (in the range of 5.3–7.2) (Table 1).
Moreover, the involvement of an alkaline meta-
somatism in the Cerro Pelado xenoliths is also con-
sistent with the trace element geochemistry of their
primary clinopyroxenes, as discussed later. The
melts were partially modified by crystallization of
a secondary assemblage of clinopyroxeneþ
olivineþ spinel or by reaction with primary peri-
dotite minerals. The origin of cellular or sieve
textures in peridotite minerals (e.g. spinel, Fig. 3f)
is consistent with incongruent dissolution, in
which the part of the crystal in direct contact with
an interstitial melt is first dissolved, followed by
nucleation and growth of the new phase. Strong
contrasts in Ti and Cr content between primary
spinel and the new cellular spinel-2 is consistent
with the presence of melt (Shaw & Dingwell
2008). However, the involvement of previous meta-
somatic hydrous phases in the melting reaction is
not precluded, as suggested in other cases (Yaxley
et al. 1997; Yaxley & Kamenetsky 1999), but this
deserves better constrained mineral data in more
detailed studies. Glass in wehrlite 72674 forms
some veining, indicating melt mobility through
grain boundaries of the peridotite matrix. How-
ever, an interaction of peridotite with its host melt
has not been observed.
Interstitial glass in lherzolite 72689 from El
Aprisco is markedly subalkaline (Fig. 7). Its chemi-
cal composition, characterized by extremely low K
(and Ti) content (Table 1), is similar to glasses ori-
ginated during carbonatitic metasomatism (Coltorti
et al. 2000) or by infiltration of subduction-related
carbonate–silicate melts (Deme´ny et al. 2004).
Nevertheless, the Qtz–Hy-normative composition
of this glass, combined with its slightly peralumi-
nous character (Table 1), precludes a carbonate-rich
percolant agent. SiO2-oversaturated glasses with
low Ti–P–K content in peridotite xenoliths are
usually interpreted as having originated by amphi-
bole breakdown (Chazot et al. 1996; Ban et al.
2005) or by infiltration of subduction-derived sili-
cate melts–aqueous fluids (Ishimaru & Arai 2009)
or by a combination of both processes. Glass in
hydrous lherzolite 72689 appears in a complex reac-
tion zone involving the primary lherzolite minerals
and producing a second crystal generation of clino-
pyroxene, olivine and spinel (Fig. 3e). These low-K
glasses are uncommon in Iberian mantle xenoliths
but they are described in some other xenolith
suites (Chazot et al. 1996; Ismail et al. 2008).
Locally, the melting has involved the former amphi-
bole present in spinel aureoles. This is supported by
the similar Na2O/K2O ratios displayed by amphi-
bole and glass composition in lherzolite xenoliths
from El Aprisco (glasses: Na2O/K2O ¼ 80–180;
amphiboles: Na2O/K2O ¼ 45–700), and the ten-
dency for the subalkaline composition of glasses
generated in partially melted natural amphibole-
bearing ultramafic rocks (Perinelli et al. 2008a).
Moreover, the composition of the interstitial glass
in lherzolite 72689 is very similar to that of
amphibole-derived melts from lherzolites from
West Eifel (Ban et al. 2005), including typical low
abundances of P2O5 and TiO2, although El
Aprisco glasses have a lower K2O content, in
accordance with the extremely low-K character of
the amphibole in this sample. The absence of
phlogopite in the El Aprisco xenoliths would
also explain the low Ti and K content of analysed
interstitial glasses of lherzolite 72689.
Metasomatism of the xenoliths
Evidence of metasomatism in the Calatrava perido-
tites is provided by: (i) a strong enrichment in
LREE, Th and U in clinopyroxene; (ii) the
PERIDOTITE XENOLITHS FROM CENTRAL SPAIN 145
occurrence of metasomatic hydrous minerals
(amphibole, phlogopite); and (iii) the presence of
intergranular glasses. Most of the studied xenoliths
display evidence of modal metasomatism, with the
development of reaction zones and aureoles at the
expense of spinel (except for the lherzolite sample
72690 from El Aprisco). The involvement of a pre-
vious silicate metasomatism is supported by the
trace element chemistry of primary clinopyroxenes,
as discussed further below.
The presence of LREE-rich clinopyroxenes with
negative anomalies in Nb, Ta and Zr (but no Hf) has
been also described in some spinel lherzolites from
Olot (sample Olt8: Bianchini et al. 2007), the
French Massif Central (Downes et al. 2003;
Touron et al. 2008) and Eifel (Witt-Eickschen &
Kramm 1977) within the CiMACI province. Some
of these xenoliths lack volatile-rich phases, so the
clinopyroxene composition is a primary mantle
feature related to the infiltration of LREE–Th–
U-enriched silicate melts (some of them of probable
subalkaline affinity: Touron et al. 2008). Clino-
pyroxenes from Calatrava mantle xenoliths have a
high Ti/Eu and moderate (La/Yb)N (Fig. 13), as
well as low (Nd/Hf)N (,2.3) and (Gd/Ti)N
(,4.8), which are geochemical indicators that the
metasomatic medium was essentially a silicate
melt rather than a carbonate-rich melt fraction
(Coltorti et al. 1999; Xu et al. 2003; Ismail et al.
2008).
In terms of REE (and HFSE) content, the
metasomatic amphibole perfectly mimics the coex-
isting clinopyroxene (sample 72688) and shows
LREE enrichment at a comparable HREE content
(10  Ch). The same trace element mimicry is
also displayed by the small neoformed type-2
clinopyroxene which shows similar REE patterns
to the primary crystals. Trace element content
might be controlled by intermineral distribution
coefficients more than by extrinsic parameters (P,
T, fO2), and K d
REE for clinopyroxenes–amphiboles
is fairly close to 1 (e.g. Bianchini et al. 2007;
Gala´n et al. 2008). Geochemical features of amphi-
boles from mantle xenoliths are good indicators of
the metasomatic agents involved. The low Ti–
Nb–Zr content of amphiboles from the Calatrava
xenoliths (and their correlative high Zr/Nb and
Ti/Nb ratios, .25 and .50 000, respectively) are
chemical features indicative of suprasubduction
amphiboles (S-Amph types of Coltorti et al.
2007a), and they might record subduction-related
metasomatic components, even in a multistage
metasomatic history. Glass chemistry in hydrous
lherzolite 72689 from El Aprisco also suggests the
involvement of a subduction-related metasomatism
(see the previous subsection).
The estimated composition of melts in equili-
brium with clinopyroxene and amphibole from
lherzolite 72688 points to the involvement of a
metasomatic agent with marked Nb–Ta negative
anomalies and flat HREE patterns, very different
to the incompatible trace element patterns shown
by the host ultrabasic alkaline melts (Fig. 14). The
Nb–Ta trough (and prominent Th–U–Pb positive
anomalies) in all of the primary minerals of the
studied Calatrava mantle xenolith 72688 (clinopyr-
oxene, orthopyroxene and olivine) suggests that an
important metasomatic event occurred before xeno-
lith entrapment within the lithospheric mantle.
Other Calatrava mantle xenoliths also show Nb–
Ta negative (and Th–U positive) anomalies in
whole-rock composition (mainly from the El
Aprisco centre), which suggests that this kind of
metasomatism was common in the lithospheric
mantle of central Spain. Most geochemical agents
with prominent Th–U positive and Nb–Ta negative
anomalies are related to continental lithosphere,
suggesting that this chemical imprint could be inher-
ited from some kind of subduction-derived metaso-
matism. Contamination by Variscan continental
crust in mantle sources has recently been proposed,
by Prelevic et al. (2008), as the origin for the nearby
Cenozoic lamproites from SE Spain. However,
no significant contamination by continental crust
in the Calatrava peridotites is recorded by the
isotopic data.
We have also estimated the composition of melts
in equilibrium with clinopyroxene from lherzolite
65290 (from the Cerro Pelado centre) (Fig. 14a).
The trace element content of the inferred melts are
comparable to the undersaturated magma found in
the area, suggesting a strong link between metaso-
matism and the magmatism of the Calatrava volca-
nic field in this case. This is in agreement with the
less radiogenic Sr isotope composition of this
Fig. 13. (La/Yb)N v. Ti/Eu in clinopyroxenes from
Calatrava lherzolite xenoliths. (La/Yb) ratios are
normalized to chondrite values from McDonough &
Sun (1995).
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xenolith compared to those from El Aprisco, and the
coincidence in isotopic composition with the host
basaltic magmas (Table 5 and Fig. 11). It is also in
agreement with the composition of associated inter-
stitial glasses, which involves a Na-rich alkaline
melt. Thus, different silicate metasomatic agents
are involved in the genesis of the wide range of
Calatrava peridotite xenoliths.
Cenozoic Calatrava volcanics record a HIMU
component in their lithospheric–asthenospheric
mantle sources based on their Sr–Nd–Pb isotopic
composition (Lo´pez-Ruiz et al. 2002). The Sr–Nd
isotopic composition of mantle xenoliths from
central Spain also plot close to the HIMU composi-
tional field (Fig. 11). Nevertheless, studied mantle
xenoliths reflect a previous subduction-related
metasomatic imprint. Isotopic composition of
mantle xenoliths from central Spain could be the
result of the mixing between a more depleted
mantle source (asthenospheric component) and a
deeply recycled enriched component, as recently
suggested in some French Massif Central mantle
xenoliths (Touron et al. 2008), making arguable
the involvement of a HIMU component. In this
sense, mantle xenoliths from the northernmost El
Palo volcano indicate a long-term recycling of
oceanic subducted components (Bianchini et al.
2010) that is not recorded in our studied lherzolite
xenolith suite. Thus, additional sampling and new
isotope data (Pb, O, etc.) are required to solve
this problem.
On the origin of Calatrava wehrlite xenoliths
The presence of ultramafic rock types, which are not
likely to be partial melting residues from fertile
mantle in peridotite xenolith suites, poses the
problem of their origin and significance. Wehrlites
are common in many lherzolite and harzburgite
xenoliths suites. Their origin has been discussed in
terms of cumulates from mafic melts trapped in
mantle depths or by reaction of residual wall-rock
peridotites with migrating magmatic liquids, either
carbonate-rich or subsaturated Fe–Ti-rich silicate
melts (e.g. Hauri et al. 1993; Coltorti et al. 1999;
Ionov et al. 2005; Beard et al. 2007). Wehrlite
75674, from the Calatrava xenoliths, has no cumu-
late textures, contains some olivine grains showing
strain and deformation twins, and the majority
of crystals have smooth curvilinear boundaries.
Moreover, this wehrlite shows similar geochemical
signatures to those of lherzolite 65294 and the other
Cerro Pelado xenoliths (Figs 9–11). Thus, our
petrographical observations and whole-rock com-
position rule out a cumulate origin for the Calatrava
wehrlite studied.
The similar Al content in the orthopyroxenes
from the lherzolites and wehrlites (Fig. 4a) suggest
that the original rock was lherzolitic. Moreover,
major element trends shown by the Cerro Pelado
xenoliths are similar to those described for the
Fe-rich lherzolite–wehrlite (LW) series formed by
reactive melt percolation in associated lherzolites
(Ionov et al. 2005). The overlapping of trace
element patterns (wehrlite and Cerro Pelado
lherzolites have almost identical REE patterns,
Fig. 10b) also indicates that wehrlite might have
been originated by the transformation of associated
slightly residual lherzolites, by percolation of meta-
somatic melts. Accordingly, associated lherzolites
must be the protolith of the wehrlite. The lack of a
marked LREE enrichment, in addition to a strong
Ti–Fe enrichment of the wehrlite, suggest that the
metasomatic agent was not a carbonate-rich silicate
melt (Hauri et al. 1993; Coltorti et al. 1999). This
is also in agreement with the lack of carbonatite
metasomatism in the Calatrava peridotites, together
Fig. 14. Trace element composition of melts in
equilibrium with (a) clinopyroxenes and (b) amphiboles
from Calatrava lherzolites. (a) Data calculated using
cpx–basaltic melt partition coefficients (Hart & Dunn
1993), except for Rb (Foley et al. 1996) and Ta (Adam&
Green 2003). (b) Data calculated using amph–melt
partition coefficients of La Tourrette et al. (1995). The
average composition of Calatrava host volcanics is from
Cebria´ & Lo´pez-Ruiz (1995). Normalizing values for
primitive mantle from McDonough & Sun (1995).
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with the absence of carbonate-rich magmatism in
central Spain.
We suggest that a metasomatic agent had reacted
with the primary lherzolite orthopyroxene to pro-
duce clinopyroxene and to displace its modal com-
position towards wehrlite. If this is correct, then
the melt must have been undersaturated in silica
and relatively rich in Ca, K, Fe and Ti, which
would have increased these components in the
wehrlite (Fig. 9). In this respect, if we use the whole-
rock Mg# and Cpx/Opx modelling of Ionov et al.
(2005) our Calatrava samples 75674 and 65294
match a model involving a reaction of host
peridotites with evolved silica-undersaturated sili-
cate melts (Mg numbers ¼ 0.6–0.7) at low melt/
rock ratios (c. 2 for R parameter ¼ 0.2) (fig. 14 of
Ionov et al. 2005).
Addressing possible origins for such percolating
alkaline silicate melts is complicated. The mineral
composition of olivine, clinopyroxene and the
scarce spinel of the studied wehrlite xenolith are
similar to those obtained in experimental work on
metasomatism induced by alkaline magmas of
nephelinite composition with upper-mantle perido-
tites (Perinelli et al. 2008a). Calatrava volcanism
involved silica-undersaturated alkaline melts of
either potassic or sodic composition (e.g. Ancochea
1982; Lo´pez-Ruiz et al. 2002), and ultrapotassic
magmatism occurred prior to these more sodic alka-
line events that carried the studied mantle xenoliths.
The similarity in Sr–Nd isotopic ratios of the wehr-
lite and its host volcanic rocks suggests that the
Calatrava alkaline magmatism could have been
involved in the genesis of the wehrlites. Furthemore,
as explained above, a similar alkaline metasomatic
imprint has been described for the associated
lherzolite xenoliths.
Conclusions
The mineral chemistry and whole-rock composition
of the Calatrava lherzolite xenoliths is typical of
peridotites that have undergone small–moderate
degrees of partial melting, mostly less than 10%,
although the more varied xenolith population
described in the literature suggests a more heteroge-
nous nature for this lithospheric section. Superim-
posed on this moderately fertile character there is
a complex metasomatism of uncertain timing pro-
duced by silicate melts. One metasomatic agent
(the El Aprisco lherzolite suite) could be genetically
associated with subduction-derived components.
Another metasomatic agent recorded in the studied
peridotite xenoliths (the Cerro Pelado lherzolite
suite) is an alkaline silicate melt producing a
geochemical signature similar to that of the undersa-
turated alkaline Calatrava magmatism. Metaso-
matism related to tholeiitic melts or subducted
oceanic crust, as sugested for the Calatrava El
Palo lherzolite suite (Bianchini et al. 2010), is not
recorded in the studied peridotites. This reveals
the wide range in upper-mantle heterogeneous com-
position that can be found beneath a small volcanic
province.
The presence of wehrlite types within the studied
Calatrava peridotite xenoliths is interpreted as a
reaction of host lherzolites with silica-undersatu-
rated silicate melts. The lack of petrographical evi-
dence, the overlapping of trace element content and
the Sr–Nd isotopic ratios of wehrlite and associated
lherzolites rule out a cumulate origin. The strong
Fe–Ti enrichment of the wehrlite indicates that
the metasomatic agent was not a carbonate-rich sili-
cate melt. The development of wehrlite types by the
reactive percolation of alkaline magmas similar to
those that generate the Calatrava volcanic field,
but at higher melt/rock ratios than associated lher-
zolites, must be studied in more detail in future
work. Indeed, the possibility of the existence of
Fe-rich lherzolite–wehrlite series rocks in the
underlying Calatrava upper mantle is insinuated
by the present data (see also Bianchini et al. 2010).
Most of the metasomatically newly formed
minerals mimic the trace element content of the
primary phases and, thus, the main metasomatism
recorded by studied peridotite xenoliths is likely to
be related to ‘primary’ metasomatism at mantle
sources rather than during magma transport.
The proposed sequence of events for the studied
Calatrava mantle xenoliths could be as follows.
(1) Cryptic and modal (e.g. amphibole with supra-
chondritic Ti/Nb and Zr/Nb ratios) metasoma-
tism by subduction-related components. The
timing of this metasomatism is unconstrained,
although a Tertiary subduction, as suggested
in other Cenozoic volcanic fields (Piromallo
et al. 2008; Bianchini et al. 2010), could not
be discounted with the current available data.
(2) Localized alkaline metasomatism shortly
before magma entrainment as evidenced by
some lherzolite xenoliths from Cerro Pelado
(sample 65290). This could evolve to wide-
spread replacement towards wehrlite types
(sample 72674) at higher rates of melt percola-
tion. This silica-undersaturated silicate meta-
somatic agent could be associated with early
stages of the Cenozoic alkaline magmatism in
central Spain.
(3) Partial melting occurred in some xenoliths at
mantle depths and related to similar metaso-
matic agents that have enriched the xenoliths
previously. The participation in the melting
of the previously metasomatically introduced
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phases (e.g. amphibole, phlogopite) is not pre-
cluded with the current data.
(4) Erosion of previously metasomatized litho-
spheric mantle at spinel-facies conditions, at
around 35–50 km depth. Rapid decompression
would promote the vesiculation and quenching
of previously formed interstitial glass, together
with localized intergranular recrystallization
around spinel and the other peridotite minerals.
Finally, the Sr–Nd isotopic composition of the
Calatrava mantle xenoliths plot within the EAR or
CMR upwelling mantle beneath Europe; these
values represent more enriched signatures than
those found in the other Spanish Cenozoic alkaline
province (Olot) but show many similarities with
mantle xenoliths from the northern domains of the
French Massif Central and those from the Rho¨n
region in Germany.
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